Carbonization is a kind of pyrolysis process to produce char from organic materials under an inert atmosphere. In this work, chars derived from various solid wastes were characterized from the standpoint of fuel recovery and pretreatment of waste before landfilling. Sixteen kinds of municipal and industrial solid wastes such as residential combustible wastes, non-combustible wastes, bulky wastes, construction and demolition wastes, auto shredder residue, and sludges were carbonized at 500 o C for 1 h under nitrogen atmosphere.
Introduction
When MSWIs (municipal solid waste incinerators) were reported to be a major source of dioxins in the 1990s, it was a considerable shock to Japanese society since until that time Japan had treated nearly 80% of its waste by incineration. Since then, small or medium scale incinerators have been restricted or replaced by large scale ones equipped with expensive air-pollution control systems and ash melting processes.
At the same time, various processes which can substitute for mass-burn incineration started to be studied actively. The pyrolysis-melting system was also introduced as a process to minimize the discharge of pollutants such as dioxins and heavy metals into the environment. Carbonaceous materials produced in the pyrolysis process become energy sources as well as treatment objects in melting process. However, there is still much controversy over its excessive energy consumption, difficulties in maintenance, unmarketability of slag and so on.
With this background, we focus on pyrolysis, excluding the melting process, and consider its role as a unique process in integrated solid waste management systems. In this work, pyrolysis will be called "carbonization" because we are interested in solid residues, known as "char", obtained by thermal treatment under an inert atmosphere.
Char produced from waste can be used for various purposes such as fuels, adsorbents, soil conditioners, etc. However, the major demand for char appears to be for use as an alternative fuel. From the WTE (waste to energy) standpoint, char is likely to have many advantages compared to waste itself or RDF (refused derived fuel) because of its higher quality, easier handling, and better substitutability in existing coal-fired power boilers (Vassilev et al., 1999) . In thermal recycling aspect, MSWIs show significant low energy efficiency (13 to 14%) unlike thermal power plants because they have to keep lower steam temperature to prevent severe boiler corrosion (Malkow, 2004) . Besides, RDF or biomass occasionally requires a special boiler system for its combustion (Dayton et al., 1999; Jensen et al., 2001 ).
Fuels derived from wastes are often faced with obstacles for practical uses owing to their high chlorine or ash content, which is notorious for causing corrosion, fouling, deposition, slagging, sintering, and agglomeration during combustion (Arvelakis and Koukios, 2002) . Likewise, their removal is one of the most important tasks to extend char utility. It is necessary for char to satisfy the chlorine criterion of less than 0.5 or 0.1 wt% to be used as fuel for a shaft blast furnace or a cement kiln respectively in Japan.
Even though carbonization is performed at a lower temperature (usually 450-600 o C) compared with incineration or melting, it can also decompose a large amount of organic matter in waste. In Europe, the pretreatment of waste such as mechanical biological treatment is performed to achieve early stabilization of landfills. However, this approach has mainly focused on degradation of organic matter rather than metal control. According to previous researches, char was reported to have a considerable level of pH buffering and high adsorption capacity (Kistler et al., 1987) . This implies that carbonization may have a positive effect on immobility of heavy metals.
Therefore, we intend to consider carbonization as a pre-treatment method before landfilling. To this end, it is necessary to evaluate whether or not carbonization can function as a thermal pre-treatment technique in the scheme of waste treatment and disposal.
In Japan, the annual generation amount of industrial waste was already over eight times that of municipal solid wastes in 2000. The proper treatment and disposal of construction and demolition waste, sludge, or auto shredder residue is especially important because their quantity in industrial waste is much higher than that of other types of waste. Thus, we extended the scope of carbonization subjects from municipal solid waste to industrial wastes: Residential combustible wastes, non-combustible wastes, bulky wastes, construction and demolition wastes, auto shredder residue, and sludges.
The objective of this work is to characterize char obtained from various types of solid waste from the standpoint of fuel recovery and pre-treatment before landfilling.
Material and Methods

Sample
Wastes chosen in this study were, (1) municipal solid wastes: residential combustible wastes, incombustible wastes, and bulky wastes, and (2) industrial wastes: construction and demolition wastes, auto shredder residues, and sludges.
Sampling and preparation of each type of waste was conducted as follows:
• Residential combustible wastes: RC1, RC2, and RC3. Around 200 kg of combustible waste was sampled at waste collection stations in residential areas.
First, it was separated into food, plastics, paper, wood, textiles, and metals, and then each component was shredded to less than 6 cm. After drying them at 60 o C for 24 h, RC1 was prepared by mixing the waste samples based on the composition of residential combustible wastes generated from Sapporo in 2000. In order to simulate the variation of residential combustible wastes by the enforcement of recycling regulations for food wastes or plastics, RC2 and RC3 were prepared by removing food wastes and plastics from RC1 respectively.
• Non-combustible wastes: NC. A sample was obtained from a shredding plant which treated non-combustible waste and bulky waste collected from residential areas in Sapporo. After shredding and metal sorting, the waste was divided into two fractions -combustible and incombustible residue -depending on whether or not it could pass through a screen. About 40 kg of combustible or incombustible residue was sampled respectively and then shredded to less than 6 cm again. NC was prepared by mixing these samples on the basis of their weight fraction.
• Bulky wastes: BW, BC, and BN. BW were also obtained from the same shredding plant with NC and prepared by the same procedure with NC. Moreover, shredded combustible and incombustible residue were sampled as BC and BN respectively. About 40 kg of each one was sampled.
• Construction and demolition wastes: CDK, CDRC, CDRN, CDT1, and CDT2.
The major component of CDK is woody waste. After sorting recyclable items, 15 kg of residue passing through screens was obtained as CDK.
CDRC and CDRN were sampled from R-Material Recycling Facility (MRF). First bulky or unsuitable item was excluded from commingled waste. After that, the waste went through a screen, magnetic separator, air classifier, and vibration screen.
Finally, the waste was divided into combustible and incombustible fractions, which were sampled as CDRC and CDRN respectively.
On the other hand, both CDT1 and CDT2 were sampled at T-MRF equipped with a three-stage separation system. First, recyclable items were recovered manually.
Next, the waste was divided into combustibles and incombustibles by screening, manual sorting, and air classification. About 9 kg of combustible residue was collected through sampling three times, and noted as CDT1. Finally, incombustibles were re-shredded and then divided again into combustible and incombustible residue. About 9 kg of combustible residue was sampled as CDT2.
• Auto shredder residue: ASR. A sample was obtained from an ELV (End of life vehicle) plant. ELV was crushed coarsely and then shredded again. Ferrous and non-ferrous recyclable metal were recovered and finally, the remaining residue was sampled as ASR. Around 3 kg of ASR was sampled.
• Sludges: OS, SS, and PS. OS was obtained from a drying plant of organic sludge. This was mixed with coffee bean husks for improvement of handling during landfilling. SS and PS were dewatered sludges discharged from a sewage water treatment plant and a paper-mill plant respectively. About 15 kg of each type of sludge was sampled and dried at 60 o C until variation of moisture content was not observed. Details of these wastes are summarized in Table 1 .
Experimental method
Physical and chemical composition of wastes
With the exception of sludges, the physical composition and its weight fraction were investigated to characterize raw wastes. Each sample was shredded again below 5 mm using a cutting mill to ensure homogeneity of the sample for proximate analysis.
The measurement of fixed carbon, volatile matter, and ash followed proximate analysis for coal and coke (JIS M 8812).
Carbonization
Prepared waste was loaded into a rotary kiln type of reactor by a screw feeder and then carbonized at 500 o C for 1 h. In the preliminary test of carbonization under 400-600 o C, it was proven that the yield of fixed carbon was highest at 500 o C, whereas the concentration of total organic carbon in filtrate decreased sharply in the leaching test. Actually, most makers operate their carbonization processes in the range of 400-500 o C for 1 h of retention time with taking account of char quality, energy balance, various systematic conditions, etc. In this work, the slope angle and rotation rate of the kiln were also adjusted to 0.8-2.3 ° and 1-2 rpm respectively depending on input wastes to maintain 1 h of retention time. Nitrogen was used as the carrier gas at the rate of 11 L/min. Figure 1 shows the entire carbonation system used in this work.
Characterization of char
The weight of raw waste and char were checked to determine the yield of char in each run. Char was pulverized by ball-mill for 1 h and then sieved using a 100 mesh. A fraction passing through 100 mesh (≤1mm) was provided as sample char to be characterized. Proximate and ultimate analysis were performed to investigate char composition. Carbon, hydrogen, and nitrogen were measured by elementary analyzer (CHN recorder MT-5, Yanaco Co.). Sulfur was absorbed in hydrogen peroxide solution during the incineration of sample and its concentration was measured by ion chromatography (DX-500, Dionex Co.). Chlorine analysis was performed by the incineration method using a tubular quartz reactor (JIS Z 7302-6) and its concentration was measured by the mercuric thiocyanate method (JIS K 0107) using an absorption spectrophotometer (U-1101, Hitachi Co.). The heating value was measured using a bomb calorimeter (Auto-calculating calorimeter CA-4PJ, Shimadzu
Co.). The microwave-assisted acid digestion method was used to measure metal content in char (SW-846 Method 3052, EPA). The concentration of cadmium, chromium, lead, zinc, copper, potassium, sodium, magnesium, and calcium were analyzed by atomic absorption spectrometry (Z-8200, Hitachi Co.).
Ash separation and chlorine removal
Ash separation and chlorine removal accounted for improvement of char quality.
Pulverization and sieving were performed to separate ash from char. Pulverization was carried out to break the char aggregate into single carbon or ash particles as far as possible. Milled char was simply divided into two fractions, above-and below 1 mm using a 100 mesh. The weight fraction of ash in char before and after removal of the fraction above 1 mm was compared to ascertain the quality improvement.
For chlorine removal, around 10 g of char below 1 mm was rinsed with 100 ml distilled water repeatedly. The entire procedure of water washing followed the previous study (Hwang et al., 2006) . After washing, the chlorine content in char was measured to estimate the efficiency of chlorine removal.
Estimation of organic matter and metal
For a comparative study, raw waste and ash were tested along with char.
Around 200 g of waste was heated to obtain ash in an electric muffle furnace at 900 o C for 2 h. However, the ash of sludge was obtained by heating at 600 o C for 2 h.
The quantity of organic matter in waste and char was estimated by adding together the amount of fixed carbon and volatile matter.
The leaching concentration of dissolved organic matter and metal from raw waste, char, and ash was investigated by Japanese leaching test No.13 (Environment Agency of Japan, 1973) . In this test 10 g of char was immersed in a flask containing 100 mL of distilled water (L/S=10), which was capped and shaken horizontally for 6 h at 200 rpm. After the sample was filtered using 1 µm pore size filter paper, the filtrate was provided for measuring pH and total organic carbon (TOC). TOC was measured using a simultaneous TOC-TN analyzer (TOC-V CPH/CPN, Shimadzu Co.).
In addition, the concentrations of cadmium, chromium, lead, zinc, copper, potassium, sodium, magnesium, and calcium in the filtrate were analyzed by atomic absorption spectrometry (Z-8200, Hitachi Co.).
The entire experimental flow is presented in Figure 2 .
Results and Discussion
Characteristics of char obtained from various wastes
The physical and chemical compositions of each type of waste are summarized in Table 2 . Describing waste components more simply, they are likely to be classified into, (1) biomasses such as foods, papers, woods, and sludges, (2) synthetic high molecular substances such as plastics, textiles, and rubbers mainly produced from petroleum, and (3) incombustibles such as glasses and metals.
The yield, proximate and ultimate analyses, heating value, and metal content of char below 1 mm in size are presented in Table 3 . The yield of char was in the range of 21-86% depending on the type of raw wastes. As the portion of woody biomass was larger in raw wastes, the amount of fixed carbon also increased in char and thus the higher heating value of char could be obtained . Chars produced from BW, CDK,
and OS had a high fixed carbon level but low ash content. The superior quality of OS char also was attributed to the presence of mingled coffee bean husks. On the other hand, the yields of char derived from CDRN, CDT2, and PS were high but these were certainly due to their high ash content. Table 4 shows the physical composition of char over 1 mm. Their compositions absolutely rely on the original components of the raw waste, however, they mostly correspond to incombustibles such as glasses, metals, and so on.
Chlorine content in char was in the range of 0.2-4.9 wt%, which is high enough to cause various problems during combustion when it is used as a fuel (Table 3 ). In particular, char produced from CDRC or ASR had higher chlorine content compared to other char. Such high chlorine content of char seems to be inevitable because it is a sort of "inheritance problem" originating from the composition of raw waste. Release of chlorine from Cl containing polymer such as PVC almost completes under 400 o C whereas inorganic salts such as sodium chloride or potassium chloride would remain in char despite carbonization at 500 o C because their boiling points are much higher than 500 o C. Thus, a good deal of chlorine might remain in char owing to incomplete volatilization of inorganic salts in some cases.
In addition, alkali metals associated with chlorides also have a serious effect on corrosion, fouling, and deposition in incinerators (Arvelakis and Koukios, 2002) . As shown in Table 3 , the content of potassium, magnesium, sodium, and calcium was also remarkably high, regardless of the kind of char. In particular, the content of potassium and sodium was higher in RC1, RC3, and OS char. From the fact that RC1
and RC3 contained food wastes and OS was discharged from a food processing plant, the presence of K and Na might be originated from the ingredients of food wastes. On the other hand, the high calcium content in CDRN and PS char appears to be caused by ceramic tiles and calcium carbonate used as filler for paper manufacturing respectively.
The content of heavy metals such as cadmium, chrome, lead, and zinc is also higher than that of general coal. For instance, the Clarke No. of bituminous coal is as follows: Cd, Cr, Pb, and Zn are 0.3, 12, 2.5, and 18 mg/kg respectively (Vassilev and Braekman-Danheux, 1999) . Chrome generally comes from paints, pigments, alloys, electronics, and surface metal coatings etc. (Vassilev and Braekman-Danheux, 1999) .
Since CDK comprises a large amount of woody waste generated from construction and demolition areas, its high chrome content might be originated from paints or pigments on the wood surface. As BC, BN, and ASR char were derived from wastes containing a considerable amount of plastics, additives in the plastics might be responsible for the high lead and zinc content.
3.2 Evaluation of char from a fuel recovery standpoint
Classification of char based on chemical composition and heating value
According to the ternary diagram of ash, fixed carbon, and volatile matter in Figure 3 , chars were visually divided into four groups as follows: (1) In comparison to general coals, the quality of chars that belong to G1 seems to be a match for sub-bituminous or bituminous coal ( Figure 3 ). As shown in Table 3 , their heating value was also more than 22,000 kJ/kg and the fuel ratio ranged from 2.19 to 3.38. Chars that belong to G2 or G3 may be required to improve quality if they are under consideration to use as fuel. Finally, chars classified to G4 have 64-72 wt% of high ash content, which is likely to be an obstacle for fuel utilization.
Development of an equation to estimate heating value of char
From the results in Figure 4 . This is probably due to errors caused by the measurement of fixed carbon and volatile matter, the assumption of heating value of fixed carbon as combustion heat of carbon, the variation of volatile matter in char etc.. Equivalent curves of heating values in Figure 3 were also predicted by equation 2.
Quality improvement of char by ash separation
As shown in Table 4 , 78-100 wt% of char > 1 mm corresponded to incombustibles such as glasses or metals rather than ash, which suggested that pulverization and simple sieving could be a feasible tool to separate ash from char. In order to determine the improvement of char quality by ash separation, the ash reduction ratio (η ) was estimated as follows.
( )
Where, 0 A and R A mean the weight fraction of ash in char before and after ash separation respectively. Table 5 shows the ash reduction ratio by application of pulverization-simple sieving or high media separation (HMS). The HMS is an ore separation technique using the difference of specific gravity among particles in liquid media such as calcium chloride solution. The data of ash separation by HMS was referred from previous study (Matsuto et al., 2004) .
After the application of pulverization and sieving, the ash in char was decreased to 44-96% of initial content (Table 5 ). The quality of BW char was fairly improved among the various chars. Accodring to the results of HMS application, the ash in BW char was normally transferred into sinks so a considerable amount of ash could be separated. However, HMS had almost no effect on RC1 char because it was so light as to float up completely (Matsuto et al., 2004) .
Chlorine removal of char by water washing
Chlorine in char was denoted in this work as follows: (1) volatile chlorine, (2) residual chlorine, and (3) water-soluble chlorine. Volatile and residual chlorine was analyzed to determine how much chlorine would volatilize or not during incineration of char. Water-soluble chlorine means chlorine removed by repeated water washing.
As shown in Figure 5 , through four cycles of water washing, 67-97 % of chlorine was removed from the char that belong to the group of G1 and G2 in Figure 3 . Above all, volatile chlorine, which can cause various problems during combustion, was remarkablely decreased in the char. With the exception of char derived from BC, the washed char met a criterion of 0.5 wt% of chlorine content, enabling it to be utilized as shaft blast furnace fuel. However, it was difficult to satisfy the criterion of 0.1 wt% of chlorine that would allow the char to be used as fuel for cement kilns in Japan. Hwang et al. (2006) suggested that carbonation or heating could be effective to promote the release of difficult-to-dissolve chlorine compounds during water-washing without excessive chemical or energy input.
Evaluation of char from a standpoint of pre-treatment before landfilling
Chars that belong to the group of G3 or G4 in Figure 3 are ranked as low grade fuel owing to their high ash content as well as low heating value. In this case, they can be considered as "pretreated wastes" before disposal in landfills instead of fuels for thermal recycling. In order to determine whether or not carbonization can function as a pretreatment process before landfilling, the load of organic matter and metal into landfills should first be evaluated.
Effect of carbonization on reduction of organic matter
Both volatile matter and fixed carbon were determined as total organic matter included in samples. The reduction efficiency of organic matter was estimated to know how much the organic matter in raw wastes decreased by carbonization (Table   6 ). To this end, the organic matter in char was re-calculated by multiplying char yield, assuming that the weight of raw waste was 100. With the exception of CDRN containing low organic matter originally, 65-86% of organic matter was reduced by carbonization, which suggested that the absolute amount of organic matter could be decreased by carbonization (Table 6 ).
On the other hand, the concentration of total organic carbon (TOC) in filtrate of char ranged from 99 to 148mg/L, which was commonly higher than that of ash, 0.7-128 mg/L. The TOC released during JLT-13 might represent just an easily leachable organic matter during the initial period of landfills because there is no considearion about the biological degradation of organic matter by microorganism.
Despite the result for TOC concentration, it was certain that the load of organic matter could be largely reduced by carbonization compared to direct landfills of waste.
Comparison of metal leaching from waste, char, and ash
The pH and metal concentrations in filtrate of raw waste, char, and ash obtained from JLT-13 are shown in Table 7 .
The variation of pH showed a distinct tendency according to waste, char, and ash regardless of waste types: Ash> char> raw waste. Except for CDT1, CDT2, and PS, filtrate obtained from waste and char had a pH in a neutral range, whereas the pH of filtrate from ash was 10-13 excluding ash of SS. A high pH value may cause a retardation of landfill stabilization because it can adversely affect the biological activity of microorganisms. Moreover, leaching of amphoteric metals such as lead can be accelerated under high pH conditions (pH≥10).
Metal leaching also seems to show trends depending on raw waste, char, and ash rather than kinds of wastes (Table 7) . Chrome and lead were detected in filtrate of raw waste or ash whereas heavy metals such as cadminium, chlrome, and lead were nearly zero or not detected in filtrate of char except that about 0.01 mg/L of lead was released from PS char (Table 7) . From these results, it was found that char has a considerable ability to suppress leaching of heavy metals. There might be two reasons.
First, the pH of filtrate of char is chemically neutral. According to the relationship between pH and metal leaching, metal concentration generally tends to decrease in a neutral range. However, the pH of raw waste was also in a neutral range and CDT1, CDT2, and PS char had a high pH value of 9.48-12.08. Thus, the suppression of metal leaching could not be described only by pH dependency. Honda et al. (1993) noted that iodine adsorptive capacity of 680-720 mg/g was achieved by carbonization of waste ion exchange resin. Sainz-Diaz and Griffiths (2000) reported that straw and furniture waste chars produced at 500 o C had 50 m 2 /g and 40 m 2 /g of BET surface
respectively. According to above references, the adsorptive capacity of char by its specific surface area and pore structure might be considered as another reason for restraining metal leaching.
On the other hand, almost alkali metals, apart from magnesium, showed a tendency to release easily regardless of raw waste, char, or ash. Leaching of magnesium was conspicuously decreased in ash.
Using the yield of char and ash in Table 3 with the concentration of metal released from raw waste, char, and ash in Table 7 , the leaching amount of metals according to disposal methods can be estimated. Figure 6 exhibits the leaching amounts of metals supposing 1 t of waste disposed of in a landfill, without pretreatment and with pretreatment such as carbonization or incineration.
Of the three treatment methods, carbonization had the most remarkable effect on the suppression of leaching of chrome, cadmium, and lead. Although the control of zinc and copper by carbonization was inadequate, their release amount was relatively smaller than that occurs under direct landfilling. However, the leaching amounts of alkali metal appear to be nearly same to one another.
As already mentioned, the pH and specific surface or porous structure of char can be considered as the most probable cause of restrained metal release. However, a further study seems to be necessary to clarify the mechanism related to the suppression of metal leaching.
Conclusions
In this work, we investigated the carbonization from the standpoint of fuel recovery and as a pre-treatment method before landfilling. Residential combustible wastes, non-combustible wastes, bulky wastes, construction and demolition wastes, auto shredder residue, and sludges were carbonized at 500 o C for 1 h under nitrogen atmosphere.
The composition of input wastes definitely influenced the quality of char as a fuel; the higher the ratio of woody biomass in raw wastes, the higher heating value of char produced. Heating value of char estimated by using its weight fraction of fixed carbon (FC) and volatile matter (VM) showed a good correlation with measured heating value (R 2 =0.957).
Regarding quality improvement of char, the pulverization and sieving method did not have a significant effect on improvement of char quality, however, it is likely to be effective in separation of incombustibles rather than ash. Most char met a 0.5 wt% chlorine criterion to be utilized as shaft blast furnace fuel after repeatedly water washing.
Leaching of heavy metals such as chrome, cadmium, and lead decreased remarkably with carbonization regardless of the type of raw waste. Although the concentration of TOC released from char was higher than that of ash, carbonization had an excellent effect on reduction of organic matter destined for landfills.
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